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Introduction
β-adrenergic agonists, such as zinterol (ZIN), improve livestock production because they control the efficiency of food use, affecting carcass characteristics and chemical composition of meat, by increasing lean meat deposition and/or improving the lean meat to fat ratio in animals [1] . However, the presence of these compounds in food represents a risk to human health due to its long half-life and stability [2] . Nowadays, symptoms of β-agonists residue-induced have been reported [3] . It is known zinterol residues are accumulated in animal tissues and could cause acute poisoning in humans [4] . Additionally, these residues may negatively impact the food poisoning export trade of edible animal products and result in nearly incalculable economic loss [5] . The use of ZIN in animal production has been banned in Argentina as well as in the European Union countries [6, 7] .
To date, different analytical methods have been reported for the determination of β-agonists in many biological samples, including ultra high-performance liquid chromatographymass spectrometry [8] , gas chromatography-mass spectrometry [9, 10] , conventional liquid 3 chromatography-mass spectrometry [11] [12] [13] , surface-enhanced Raman scattering [14] , capillary electrophoresis [15] , enzyme-linked immunosorbent assay [16] , and immunosensors [17] .
Although the determination of β-agonists by these methods is promising because of their high selectivity and sensitivity, most of them have been associated with several shortcomings, including high cost, complex sample pre-treatments, and long analysis time. In this context, it becomes necessary to develop a simple and fast method for ZIN analysis.
Electrochemical methods have attracted increasing attention because of their excellent characteristics of high sensitivity, response speed, simple and less expensive instrumental, almost no-sample pretreatment, and may be incorporated into portable devices. In addition, due to their electroactive group, most of the β-agonists could be oxidized onto the electrode surface.
Among the electrochemical techniques, square-wave voltammetry (SWV) combined with the use of screen-printed carbon electrodes (SPCE) as the detection system represents an attractive alternative [18, 19] . The main advantages of the SPCE include simplicity, versatility, low cost, portability, reliability, small size, mass production capabilities, and minimum sample volume required (20-40 µL) [20, 21] .
Moreover, SPCE surface can be modified by electrodeposition of metal nanoparticles (NPs) such as copper, gold, platinum, palladium, and silver, which provides an increased active surface, high conductivity, and electrocatalytic characteristics to enhance the limit of detection.
Additionally, NPs have been widely and efficiently applied to electrochemical sensors development [22, 23] , leading to the development of more sensitive and selective (bio) assays.
In this context, copper nanoparticles (CuNPs) are cheaper and make significant improvements to the method's selectivity when compared with noble metal NPs [24] [25] [26] .
ZIN is present at very low levels in complex matrices thus, preconcentration/separation approaches are necessary to improve sensitivity and selectivity. Solid-phase extraction is one of 4 the most common techniques used for sample cleanup and analyte's preconcentration in environmental and biological matrices [27] [28] [29] . The NPs enrich the performance of the analytical method, in addition increasing miniaturization in the whole process [30] . For this purpose, NPs have been used in sample preparation, as sorbents, pseudo-stationary phases or filters [31, 32] .
On the other hand, the traditional optimization procedure varying "one variable-at-atime", is a strategy "based on experience, educated guesswork and luck" that does not guarantee the attainment of a true optimum working condition [33] . Conversely, the chemometric approach relies on a rational experimental design, which allows the simultaneous variation of all experimental factors, saving time and materials [34] . The central composite design (CCD) is an experimental design useful in response surface methodology. The CCD is probably the most widely used experimental strategy for fitting a second-order response surface [35, 36] . The CCD uses quantitative experimental data to fit regression model equations and operating conditions as variables [37] . It contains an embedded factorial design with centre points and is augmented with a group of axial points which make the design rotatable. In addition, CCD can provide high quality predictions in studying linear, quadratic and interaction effect factors which influence a system; whereas interactions are unobserved in the normal orthogonal design and single factor tests [38] .
Considering the above mentioned, optimization of the electrodeposition process was performed using a CCD, involving precursor concentration, potential and time applied as variables. Additionally, for the preconcentration step mesoporous shuttle-like copper oxide nanoparticles (CuONPs) were employed [39] , and the experimental optimization was carried out by means of two-level fractional factorial design and a central composite design. The ZIN was released with a desorption buffer and measured by SWV on CuNPs/SPCE. The current response was directly proportional to the amount of ZIN present in the sample.
To the best of our knowledge, there have been no records regarding to the use of electrochemical detection for the quantitative analysis of ZIN in biological samples. Thus, in this report, a novel, accurate, sensitive and selective method for the preconcentration and determination of ZIN in bovine urine samples is presented for first time. The obtained results showed that the proposed methodology could have promising analytical applications for the direct determination of ZIN at trace levels ensuring the food safety, as well as, consumer's health.
Experimental

Reagents and solutions
Analytical grade reagents and high purity solvents were used. ZIN, mercaptopropionic acid (MPA) and methanol (CH 3 OH) were purchased from Sigma Aldrich (St. Louis, MO, USA).
Sodium hydroxide (NaOH), cetyltrimethylammonium bromide (CTAB), and copper (II) chloride (CuCl 2 ) were obtained from Merck (Darmstadt, Germany). Syringe filters with controlled porosity (13 mm, 0.2 µm) were purchased from Millipore (Billerica, MA. USA).
Solutions were prepared with ultra-pure water obtained from a Barnstead Easy pure RF compact system (Barnstead, Dubuque, IA, USA).
Instruments
Electrochemical measurements were performed using BAS 100 B/W (electrochemical analyzer Bioanalytical System, West Lafayette, IN, USA). Cyclic and square wave voltammograms were obtained by employing a SPCE, which was made up of a graphite circular 6 working electrode (Ø = 3 mm). Silver (Ag) and graphite electrodes were used as the pseudoreference and the auxiliary electrode, respectively. The temperature for the electrochemical experiments was set at 25 ± 1 ºC.
All pH measurements were made with an Orion expandable ion analyzer (Orion Research Inc., Cambridge, MA, USA) Model EA 940 equipped with a glass combination electrode (Orion Research Inc.).
The morphology of the NPs was studied by JEOL JEM-FS2200 HRP transmission electron microscope (TEM) operated at 100 kV. The morphology of CuNPs was studied by LEO 1450VP scanning electron microscope (SEM). The composition of NPs was examined by energy dispersive X-ray spectroscopy (EDS) with a LEO 1450VP scanning electron microscope.
Modification of SPCE
For the electrodeposition procedure of CuNPs, the SPCE was immersed into a 0.1 mmol L -1 CuCl 2 solution containing 0.01 mol L -1 KCl as supporting electrolyte. After that, a constant potential value of -300 mV (vs. Ag-SPCE) was applied for 61.69 s. The study and optimization of these variables was carried out using chemometric tools, as described later in Section 3.3.
Then, the modified electrode (CuNPs/SPCE) was rinsed by mechanically stirring for 30 s with ultra-pure water and dried carefully with pure nitrogen gas. The CuNPs were characterized by TEM, SEM, CV and EDS.
Synthesis of mesoporous shuttle-like CuONPs
Firstly, 10 mL of 1 mmol L -1 CuCl 2 with 1% CTAB solution was mixed with 2 mL of 0.01 mol L -1 NaOH at 80 ºC under stirred conditions. The solution was adjusted to pH 8.00, so
the Cu 2+ present in the solution passed to Cu(OH) 2 , the formed precipitate was washed several times with ultra-pure water and centrifuged at 1500 rpm. Later, it was dried at 60 ºC for 2 h and calcined at 450 ºC for another 2 h. The solid obtained was washed several times with CH 3 OH and then dispersed with the assistance of ultrasonic stirring for 30 min. The surface area of CuONPs was 41.5 m 2 g -1 [40] . Nitrogen adsorption isotherms of CuONPs indicated type IV isotherms with H1 hysteresis loop, which it is due to the existence of channel-like pores within the examined material. These observations were consistent with reported literature [41] . Such mesoporous structure provided an efficient transport pathway to their interior voids, which is critical for preconcentration procedures and other applications [42] . As mentioned above, CuONPs characterization studies were performed by TEM and EDS. The CuONPs stock suspension was stored at 4 ºC.
Preconcentration procedure
The method described below was applied to ZIN determination in bovine urine samples with the CuONPs for 15 h at room temperature [43] . In this step, the -SH group of MPA reacted with the CuONPs surface as can be seen in the literature [44, 45] , thus leaving free -COOH groups and a negative charge on the oxide surface when the pH value was between 5.00-8.00, increasing in this way, the selectivity of the PC. After that, 5 mL of mesoporous shuttle-like
CuONPs were packaged in a syringe filter containing controlled porosity, in order to obtain the preconcentration column (PC) [27] .
A sample volume of 30 mL, previously filtered and pH adjusted (pH 6.00), was passed through the PC. Consequently, the ZIN present in the sample was adsorbed onto the mesoporous shuttle-like CuONPs surface through physical [46] and chemical adsorption [47] due to any positive charge in the sample was adsorbed from the negative charge of −COO − on the CuONPs 8 surface via electrostatic effect (Scheme 1A). After several washes with ultra-pure water, 2 mL of 0.1 mol L -1 glycine (pH 2.04) was used as desorption buffer to elute the retained ZIN (at pH 2.04 the charge on the CuONPs surface changed to positive breaking the electrostatic interaction) (Scheme 1B). Finally, the analyte present in the solution was oxidized by SWV at +700 mV. Therefore, the current response was directly proportional to the amount of ZIN present in the sample. The blank solution was prepared in the same way except that 30 mL of ultra-pure water was used instead of sample solution. The difference between the current of the blank and the sample solution was then calculated.
Results and discussion
Characterization of CuNPs and CuONPs
Regarding to the NPs characterization, Fig. 1A shows the TEM and SEM images of the CuNPs. The CuNPs size distribution histogram and the fitted normal distribution curve were observed in Fig. 1B . The diameters ranged from 9 + 2 nm. The elemental composition was determined by EDS as can be seen in Fig. 1C . The Fig. 1D shows the TEM images of the CuONPs. The CuONPs size distribution histogram and the fitted normal distribution curve were performed in Fig. 1E . The length ranged from 265 + 85 nm. The elemental composition was determined by EDS as can be seen in Fig. 1F . Histogram plots were made by measuring 200 randomly selected particles in enlarged TEM images. To determine the average particle size, the data were fitted with the normal distribution function.
In addition, Scheme 2A shows the electrochemical characterization of CuNPs/SPCE. potential sweep was varied from -100 to +800 mV at a scan rate of 75 mV s -1 . CVs well defined and characteristics of a diffusion controlled redox process were observed at the CuNPs/SPCE surface. The electrodes employed in this characterization step were optimized as mentioned previously in Section 2.3.
Electrochemical behaviour of ZIN at the CuNPs/SPCE
The use of mesoporous shuttle-like CuONPs was an efficient method for the preconcentration of very low levels of ZIN in real samples. The bound analyte could be desorbed and directly measured in an acidic solution. In a first step occurred the hydrolysis of sulfoxide group in aqueous media thus, leaving free the electroactive groups of the orthoaminophenol substituted, which was oxidized to give the corresponding orthobenzoquinonimine substituted [48] . The progress of this reaction was monitored measuring the current response of ZIN using CuNPs/SPCE. A typical cyclic voltammogram of 1 mmol L -1 of ZIN in 0.1 mol L -1 glycine (pH 2.04) solution as supporting electrolyte (scan rate: 75 mV s -1 ; T = 25±1 ºC) is shown in Scheme 2B. The cyclic voltammogram showed a single anodic peak at Epa = +700 mV for the potential from +350 to +1000 mV, which corresponded to the oneelectron transfer of ZIN. In this irreversible process, the oxidation current was decreasing with successive scans, due to ZIN adsorption on the CuNPs/SPCE surface is very strong in acid electrolytes, blocking in this way the electrode surface.
Study of variables
In order to optimize the working conditions for ZIN voltammetric determinations in bovine urine samples, many variables that affect the preconcentration and electrochemical response and, as a consequence, the obtained results must be evaluated. The fixed As mentioned before, the ZIN bound to the CuONPs was desorbed in an acidic solution.
Preliminary tests were performed to investigate the factors that could influence on the ZIN desorption. The ones that showed to be important were pH value, sample volume, and concentration and volume of the desorption buffer. Then, the mentioned variables were chosen as factors in a 2 4-1 fractional factorial design (Table 2) . Minimum and maximum, levels of each factor were chosen according to the data from previous experiences.
The pH value and the concentration of desorption buffer was evaluated from 1.5 to 2.5 and 0.05 to 0.15 mol L -1 ; respectively. The volume of the buffer used for ZIN desorption was evaluated between 1 to 3 mL. Additionally, the sample volume was evaluated from 20 to 40 mL.
Analysis of variance (ANOVA) and p-value were also used to evaluate the significance of the effects, main effects and their interactions on the electrochemical determination as depicted in the Pareto chart shown in Fig. 3 .
From the obtained results, it was demonstrated that sample volume, eluent volume, and pH value of desorption buffer (A, B, and D; respectively) were the variables controlling the system and required a final optimization. Thus, a CCD design involving them was developed for such purpose. The experiment design and relative current response can be observed in Table 3 .
The pH value and the volume of desorption buffer ranged from 1.15 to 2.84 and 0.31 to 3.68 mL; respectively. On the other hand, the volume sample ranged from 13.18 to 46.81 mL. With the information obtained by the presented CCD, surface responses were created and they are depicted in Fig. 4 .
The analytical response for the analyte and the considering factor under study were fitted to polynomial models and validated by the ANOVA test. Solving this system of multiple responses by overlaying the surface and the contour plots for every combination of factors and responses is a very difficult task and, therefore, the use of a simultaneous optimization method was required. For this reason, the multiple response criteria based on using the desirability function were successfully used to optimize the controlling factors on the ZIN determination.
The results after applied the desirability function criteria, showed that the optimal experimental conditions were a 30 mL of sample volume, a 2 mL of desorption buffer volume, and a desorption buffer with a pH adjusted to 2.04. These conditions were experimentally corroborated with closely agreement.
Analytical performance
A calibration curve for the proposed method was created after analyzing five different (n = 5) standard solutions containing 0.5-80 ng mL -1 of ZIN. The calibration curve was obtained by plotting current variation (∆I, nA) versus ZIN concentration (ng mL -1 ), which showed a linear range between 0.5-45 ng mL -1 . The data were analyzed by linear regression least-squares fit method. The calibration graph was described by the calibration equation ∆I (nA) = 120.74 + 3.14 C ZIN with a correlation coefficient for this plot of 0.994, where ∆I is the difference between current of the blank and the sample (Fig. 5) . The coefficient of variation for 32.5 ng mL -1 ZIN determination was 3.95% (five replicates). The limit of detection (LOD) and quantification
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(LOQ) were determined according to the IUPAC recommendations [49] , achieving values of 0.16 and 0.5 ng mL -1 ; respectively. The within-assay precision was tested with five measurements in the same run for each control. These series of analyses were repeated for three consecutive days in order to estimate the between-assay precision. The assay showed good precision; intra and inter-assay coefficients of variability were 3.87% and 4.91% respectively.
The obtained enhancement factor for a sample volume of 30 mL was 35 fold. The enrichment factor was obtained as the ratio of the slopes of the calibration curves for ZIN with and without the preconcentration step. The total assay time for ZIN determination was 15 min.
Applicability
Since a recovery study can be considered as a validation alternative [50] , this procedure was applied to the developed methodology. Thus, five samples consisting of 300 mL of bovine urine from different animals were divided in ten aliquots of 30 mL each. The methodology described above was applied to five portions for each sample and the average quantity of ZIN obtained was taken as a base value. Then, increasing quantities of ZIN were added to the other aliquots of sample. After that, ZIN was determined by the same method. The results are given in Table 4 .
The use of CuONPs for the preconcentration step in the developed electroanalytical method for ZIN determination was relevant, because it helped to avoid interferences with many compounds present in the sample matrix, since many of these substances have electrochemical
properties. The optimum experimental conditions were used to study the interfering effect of some ions and organic compounds in the preconcentration and determination of ZIN. The maximum acceptable error was + 5%. The obtained results showed that the investigated ions and organic compounds do not interfere during the preconcentration and determination of ZIN in 14 bovine urine samples. As a result of this assay, oxidation current was not observed in the same potential range.
Conclusions
This study showed that ZIN, a beta adrenergic agonist which causes symptoms of acute poisoning in humans when used as animal feed additives, could be monitored using a SPCE modified with CuNPs by SWV.
The development of a voltammetric technique combined with the use of NPs was suitable for the determination of ZIN in bovine urine samples after a preconcentration step based on CuONPs-modified PC. This method showed many advantages such as the low cost, wide linear range, reproducibility, selectivity, and accuracy with excellent sensitivity.
The analytical utility of multivariate chemometric techniques was used to obtain the optimum conditions for ZIN determination. In this work, a CCD was performed to study the electrodeposition of CuNPs on SPCE as first approach. In addition, a fractional factorial design and CCD were used to investigate the best conditions for ZIN preconcentration and determination. Desirability function criteria were performed to identify the factors optimum levels for the methodology.
The proposed method could be considered as a very promising veterinary analytical tool for the direct determination of ZIN in real samples and it could help to assure food quality and safety as well as consumer's health. 
